_ 80% of the total area of HPLC peaks (280 nm), and about 20 mg/100 mL of HMFO was produced from a solution containing 200 mg/100 mL of xylose. HMFO was produced not only from xylose, but also from arabinose and ribose, and ribose was the best precursor. When HMFO was heated in a buffer solution with or without Lys, it was decomposed or polymerized, and colored and colorless polymers appeared. Diacetyl and methylglyoxal were the major decomposed dicarbonyl compounds from HMFO; these dicarbonyl compounds are considered to be the major precursors for polymers formed from HMFO.
Introduction
The Maillard reaction between reducing sugars and amino acids or proteins has a critical influence on the quality of cooked or stored foods, such as their color, flavor, and taste. In addition to the qualities of foods, the Maillard reaction contributes to food function (Fogliano, 2015) and has some effects on nutrition and food safety (Friedman, 1996; Virk-Baker et al., 2014) .
Browning is the most apparent result of the Maillard reaction.
Various heated or long-stored foods show a brown or dark color.
The color of these foods is mainly attributed to melanoidins, which are brownish, hydrophilic, acidic, and nitrogen-containing compounds formed by the Maillard reaction. The chemical structures of melanoidins remain unclear because they are heterogeneous and high-molecular-weight polymers (Wang et al., 2011) . On the other hand, several low-molecular-weight colored compounds formed from sugars and amino acids have been reported. For example, Hayase et al. (1999) and Shirahashi et al. (2009) reported blue and red Maillard pigments formed from a glycine-xylose model solution. Our group also reported some yellow Maillard pigments, such as furpipate (Murata et al., 2007; Totsuka et al., 2009 ) from furfural and lysine (Lys), dilysyldipyrrolones from xylose and Lys (Sakamoto et al., 2009; Nomi et al., 2011; Nomi et al., 2013) , and pyrrolothiazolate from glucose and cysteine (Noda et al., 2015; Noda et al., 2016) .
In general, pentose turns brown more intensively or more rapidly than hexose in the Maillard reaction, because more openchain form isomer is formed in pentose than hexose. We recently compared the Maillard reaction systems between xylose-Lys and glucose-Lys, and examined their contributions to browning (Mikami et al., 2015) . During this research, we found a major peak showing an absorption maximum at about 280 nm by HPLC equipped with Diode-Array-Detection (DAD) of a reaction solution containing xylose and lysine (Figs. 1A and 1B) . Neither this peak nor a similar peak showing the same spectrum was detected in the glucose-Lys system. The chromatogram depicted by absorbance at 400 nm or color showed that melanoidins were apparent as broad convex or trapezoidal peaks showing no specific absorption maxima in the UV-Vis region, and that low-molecular-weight Maillard pigments, dilysyldipyrrolones (Sakamoto et al., 2009; Nomi et al., 2011; Nomi et al., 2013) , were also formed ( Fig. 1C ; Mikami et al., 2015) .
The aim of this study was to identify the major compound (HMFO) showing the absorption maximum at 280 nm on DAD-HPLC, and clarify its role in browning. 
Materials and Methods

Preparation of model solutions
Gel permeation chromatography (GPC) analysis
Preparation of quinoxalines of methylglyoxal and diacetyl An
aqueous solution (100 mL) of 10 mM methylglyoxal and 10 mM o-phenylenediamine (OPD) was left overnight at room temperature.
After the formed quinoxaline derivative was extracted with ethyl acetate, the ethyl acetate layer was concentrated in vacuo and dried. Analyses of quinoxaline Quinoxaline derivatives of dicarbonyl compounds formed from heated HMFO were prepared according to the method of Gobert and Glomb (2009) Instrumental analyses Spectroscopic measurements were performed using the following instruments: spectrophotometer (Multispec-1500; Shimadzu, Kyoto, Japan), NMR (Avance 600;
Bruker Biospin, Karlsruhe, Germany), and MS (Triple TOF 4600; AB Sciex, Foster City, CA).
Results and Discussion
Isolation and identification of HMFO As described in the The MS data of this compound showed its molecular weight and molecular formula to be 114 and C 5 H 7 O 3 , respectively. The NMR spectra of this compound showed the existence of protons of a methyl and methylene groups at δ H 2.27 ppm (3H, s; CH 3 -C=) and 4.52 ppm (2H, s; -O-CH 2 -), and five kind of carbons, two which were methyl and methylene carbons and the other three carbons were quaternary (one carbonyl and two olefinic carbons).
Considering the molecular formula, C 5 H 7 O 3 , these results suggest that this compound is furanone carrying methyl and hydroxy groups ( Fig. 2A) . Among these compounds, 4-hydroxy-5-methyl-3(2H)-furanone (HMFO) was the most plausible, because only this compound maintained a skeleton of five carbons of xylose.
As we could obtain a colorless prism crystal of this compound (Fig. 2B) , the crystal was applied to X-ray analysis. The X-ray crystal data were as follow: C 5 H 6 O 3 , Mr= 114.10, orthorhombic, 2). This structure is consistent with all of the instrumental data.
Although HMFO is known as a flavor and an intermediate compound of the Maillard reaction from pentose (Severin and Kronig, 1972; Nunomura et al., 1979; Feather, 1981; Blank et al., 1996) , there were no reports showing that HMFO was a major compound in the reaction mixture.
Formation of HMFO in model systems Conditions for HMFO
formation were then examined in model systems. Figure 3 shows the effect of pH and heating time on HMFO formation. The formation of HMFO was the highest at pH 6.5 _ 7 (Fig. 3A) . The amount of HMFO decreased with longer heating. Maximal concentrations of HMFO were reached with 1 h heating at pH 7 or 8 (Fig. 3B ), compared to 4 h heating at pH 6 (data not shown). It appeared that HMFO was formed and decomposed more slowly at pH 6 than at pH 7 _ 8. Under these conditions, about 20 mg/100 mL of HMFO was formed from 200 mg/100 mL of xylose, the yield of HMFO from xylose being about 10%. Next the effect of pentoses on HMFO formation was examined using arabinose, ribose, and xylose. HMFO was formed from all three pentoses. Ribose was the best precursor (Fig. 3C) ; about 30 mg/100 mL of HMFO was formed from 100 mg/100 mL of ribose.
Relationship between HMFO and browning
We observed the decomposition of HMFO and the formation of viscous brown materials during the process of HMFO purification from the reaction mixture. The concentration of HMFO reached maximum with heating for 1 h at pH 7.0, and decreased thereafter (Fig. 3B) .
These results suggested that HMFO was decomposed or polymerized during heating. Then, we examined the relationship between HMFO and browning. HMFO was dissolved in phosphate buffer at pH 6, 7, and 8, before being heated in the presence or absence of Lys. Figure 4A shows the browning of the HMFO solution. The alkaline pH stimulated the browning. Lys seemed to repress the colorization. Figure 4B shows the UV-vis spectra of heated solutions at pH 8. The maximal absorption at 280 nm of HMFO gradually decreased and the absorption of the visible region above 380 nm increased. These results showed that the color was formed with the decomposition of HMFO.
Then, the colored solution was analyzed with GPC equipped with DAD. Figure 5A shows the profiles of heated solutions of HMFO monitored by absorbance at 280 nm (top), 250 nm (middle), and 400 nm (bottom). Peaks 1 _ 4, in addition to residual HMFO, were detected at 280 nm. Peaks 3 and 4 were also detected by absorbance at 400 nm and had some absorption in the visible region (Fig. 5B) , showing that these peaks were brown polymers or pigments. Meanwhile, peaks 1 and 2 were not detected by absorbance at 400 nm and had no absorption in the visible region (Fig. 5B) , indicating colorless polymers. The chromatogram depicted with absorbance at 400 nm shows a dull or trapezoidal shape, having no specific absorption maximum like melanoidins, in addition to peaks 3 and 4. Peaks 1 and 2 were detected in both the absence and presence of Lys, while peaks 3 and 4 were detected only in the presence of Lys. The latter two peaks were thought to be formed by the reaction between the decomposition products of HMFO and Lys. The formation of these peaks might cause the repression of the total browning of HMFO, as shown in Fig. 5 .
Regardless, these results showed that colorless polymers and brown pigments like melanoidins were formed from HMFO in the presence and absence of Lys.
Decomposition products of HMFO As polymers were formed from HMFO, we examined dicarbonyl compounds formed from HMFO by trapping them with OPD to form quinoxalines. Figure showing absorption maxima at 238 and 316 nm, respectively, were detected. The LC-MS analyses suggested that the molecular formulas of these peaks (C 9 H 8 N 2 for peak I and C 10 H 10 N 2 for peak II) were those of quinoxalines of methylglyoxal and diacetyl, respectively. Moreover, these peaks coincided with the authentic samples of quinoxalines prepared from methylglyoxal and diacetyl, respectively. With the decrease in HMFO during heating, methylglyoxal and diacetyl were formed and then decreased (Fig.   6B ). These results showed that HMFO was decomposed to dicarbonyl compounds, such as methylglyoxal and diacetyl, which seemed to be polymerized to form polymers. Further examination of how these dicarbonyl compounds were formed from HMFO, or HMFO (1.7 mM) was dissolved in a phosphate buffer (pH 8.0) and heated at 100℃ for 1 h (A) and for 0.5 _ 6 h (B). After heated solutions were reacted with OPD, formed quinoxalines were analyzed with reversed-phase HPLC equipped with DAD. Fig. 7 . HMFO and browning. HMFO was formed 1-deoxyxylosone (1-DX) by cyclization and dehydration. Orange low-molecular-weight pigments, dilysyldipyrrolones, seemed to be formed from Amadori compound and 1-DX (Nomi et al., 2013) . Dicarbonyl compounds such as methylglyoxal (MGO) and diacetyl were formed from HMFO. These dicarbonyl compounds were polymerized in the presence or absence of Lys to form brown or colorless polymers. Dicarbonyl compounds might be also formed directly from 1-DX.
if other dicarbonyl compounds were formed is necessary.
To the best of our knowledge, there are no reports describing the relationship between HMFO and browning, although hydroxymethyl-furanone and hydroxyethyl-furanone were reported to be reactive intermediates in the Maillard reaction (Glomb et al., 1991) . Considering the yield of HMFO from xylose is about 10%, HMFO seemed to partly contribute to the browning of Maillard reaction of the xylose or pentose system. The presence of HMFO in soy sauce was reported (Nunomura et al., 1979) , and whose color is a typical example of Maillard reaction (Kato, 1960) . It will be necessary to estimate HMFO's contribution to browning in the future.
In conclusion, HMFO was identified as a major intermediate compound in a reaction system containing xylose and Lys. HMFO was decomposed to dicarbonyl compounds such as methylglyoxal and diacetyl, which were polymerized to form brown pigments (Fig. 7) .
